Summary. Enriched fractions of small and large luteal cells were incubated for 2 h with 1 or 10\g=m\M calcium ionophore, A23187: unstimulated secretion of progesterone and viability in small cells were not affected but these measures were decreased (P < 0\m=.\01) for unstimulated large cells and were significantly correlated (P < 0\m=.\05).This effect in large cells was independent of extracellular calcium. Therefore, incubations of the two cell types were made in the presence of increasing concentrations of a protein kinase C activator, phorbol 12-myristate 13-acetate (TPA). Secretion of progesterone and viability were not augmented in unstimulated small cells, but TPA prevented (P < 0\m=.\05) the full stimulation of secretion of progesterone by LH. Secretion of progesterone in unstimulated large cells was inhibited (P < 0\m=.\01)by TPA (100nM and 10\g=m\M),although viability was unaffected. The non-tumour promoting phorbol ester, 4a-phorbol didecanoate, had no effect on large cells. Extracellular calcium was not required for the observed effect of TPA. Sphingosine, an agent inhibitory to protein kinase C activity, inhibitied (P < 0\m=.\01) secretion of progesterone in small and large cells, and also reduced (P < 0\m=.\01) cell viability. These values were significantly correlated (P < 0\m=.\05) in both cell types. The above observations suggest that protein kinase C may invoke negative regulation on progesterone production in unstimulated large and hormone-stimulated small luteal cells of sheep. Since sphingosine significantly reduced viability in small and large cells and ionophore selectively inhibited viability in large cells, the ability of these agents to influence calcium-mediated intracellular regulation of steroidogenesis is still uncertain.
Introduction
Luteinizing hormone (LH) stimulates secretion of progesterone, intracellular accumulation of adenosine 3',5'-monophosphate (cAMP) and adenylate cyclase activity in luteal tissue (Marsh et al, 1966; Marsh, 1970) . Luteolysis can be induced in many species, including the ewe (McCracken et al, 1970) , by prostaglandin (PG) F-2a. The mechanism of action for this event is not as well understood.
Recent research (reviewed by Berridge, 1984) has suggested that calcium-dependent second messengers (inositol trisphosphate and diacylglycerol) produced in many tissues by hormonallyinduced hydrolysis of polyphosphatidyl inositol may mediate hormone action via cAMPindependent protein kinases. Investigators have suggested that, along with A kinase, C kinase (calcium, phospholipid-dependent; Clark et al, 1983 ; Wheeler & Veldhuis, 1987) and calmodulin-dependent protein kinase(s) (Maizels & Jungmann, 1983; Rao et al, 1987) may be involved in regulating steroidogenesis in ovarian tissues. Increases in inositol trisphosphate and intracellular calcium have been observed to be stimulated by LH (Davis et al, 1987a) and PGF-2a (Davis et al, 1987b) in bovine luteal cells.
The corpus luteum of many species, including the ewe, contains two morphologically and func¬ tionally distinct types of steroidogenic cells, designated small and large (O'Shea et al, 1979; Rodgers & O'Shea, 1982; Fitz et al, 1982) . The small luteal cells (12-22 µ diameter) of sheep contain a large number of receptors for LH which appear to be functionally linked to steroidogenesis through a cAMP-dependent pathway (Hoyer et al, 1984; Hoyer & Niswender, 1985 . The large luteal cells (>22µ diameter) of sheep contain a significant number of receptors for PGF-2a (Fitz et al, 1982; BaLapure et al, 1988) and secretion of pro¬ gesterone was inhibited after 6 h in large cells incubated with PGF-2a . Large cells do not respond to LH or hormone-independent activation of the cAMP pathway (Hoyer & Niswender, 1985) with increased steroid production; however, unstimulated secretion of pro¬ gesterone is 5-10 times greater in large than in small cells, on a per cell basis (Fitz et al, 1982; Rodgers et al, 1983; Hoyer et al, 1984) .
Secretion of progesterone was stimulated by low concentrations of phorbol esters (activators of C kinase) in bovine luteal cells (Brunswig et al, 1986; Hansel & Dowd, 1986) and specifically in small luteal cells obtained from the bovine corpus luteum (Alila et al, 1988) . Conversely, phorbol esters have been reported to have inhibitory effects on LH-stimulated progesterone secretion and cAMP accumulation in rat luteal cells (Baum & Rosberg, 1987) and on LH-stimulated progester¬ one secretion in cow (Benhaim et al, 1987) and sheep (Wiltbank et al, 1988) (Hoyer et al, 1988; Wiltbank et al, 1988) .
In (Phillips, 1973 
Effect of ionophore
To determine whether increases in intracellular calcium influence steroidogenesis in small or large cells, the effect of two concentrations of the calcium ionophore (A23187) on secretion of progesterone was measured (Table 1) . These concentrations were in the ranges reported to stimu¬ late calcium efflux (1 µ ) and promote cellular influx of calcium (100 µ ) in bovine epididymal spermatozoa (Babcock et al, 1976) . Along with measurements of progesterone in the media, viability determinations were made by trypan blue dye exclusion following the 2-h incubation period for each treatment group. Incubation of small cells with ionophore did not affect secretion of progesterone or viability (which were not correlated). However, secretion of progesterone by small cells stimulated by luteinizing hormone (LH; 100 ng/ml) or dbcAMP (2 mM) was partly, but not completely, inhibited by A23187 (data not shown). This effect was similar to that seen with small cells stimulated with LH and incubated with the phorbol ester, TPA (see Fig. 5 ). (Benhaim et al, 1987; Alila et al, 1988) and rat (Baum & Rosberg, 1987) The specificity of response to TPA observed in large cells was tested by incubations of small and large cells with TPA as well as 4a-phorbol-12,13 dideconate (4a-PDD), a non-tumour-promoting phorbol ester. Table 3 shows that, whereas secretion of progesterone by large cells was decreased by incubation with TPA, no effect of 4a-PDD was observed.
The requirement of extracellular calcium for the effect of TPA on large cells was determined (Fig. 3) 
Effect ofsphingosine
As an indicator of the specificity of effect of TPA on activation of protein kinase C in large cells, incubations were performed with increasing concentrations of sphingosine (Fig. 4) an agent shown to be inhibitory to C kinase activity in other systems. Media content of progesterone and cell viabilities were determined after the incubations. In small and large cells decreases in secretion of progesterone (P < 005) and viability (P < 001) were measured at µ -sphingosine. These decreases were significantly correlated (P < 001) in both cell types. The addition of TPA (10 µ ; inhibitory in large cells to secretion of progesterone, but not viability) did not alter, at any concen¬ tration, the effect of sphingosine (1-100 µ ) on secretion of progesterone or viability in small or large cells (data not shown). Since there was no augmentation by TPA in the secretion of progesterone in unstimulated small cells (Figs 2 & 3) , the effect of TPA on hormone-stimulated secretion of progesterone in small cells was measured. Small cells were incubated with or without LH (100 ng/ml) and/or TPA (10 µ ). As expected, secretion of progesterone was stimulated (P < 001; control, 0-47 ±011 nmol/106 cells) 4-2-fold by LH (1-93 + 004nmol/106 cells). No effect of TPA alone was measured (P > 0-05; 0-57 + 0-24nmol/106 cells); secretion of progesterone was above basal (2-6-fold; < 005; 1-21 ± 0-12 nmol/106 cells), but below hormone-stimulated (P < 0-05) levels in LH/TPA-treated cells.
Discussion
The current study was undertaken to determine whether calcium serves as an intracellular regulator of progesterone secretion in ovine small and/or large luteal cells. Initial experiments utilized the calcium ionophore, A23187, to provide generalized increases in intracellular calcium. This iono¬ phore has been widely used for this purpose in many cell types. Babcock et al. (1976) described the effect of A23187 on plasma and mitochondrial membrane transport of calcium in bovine epididymal spermatozoa: at lower concentrations (10"6m), A23187 stimulated calcium efflux, while at slightly higher concentrations (10~5 to 10_4m) it promoted calcium influx into a nonmitochondrial compartment of the sperm cell. An inhibitory effect of A23187 on steroidogenesis was previously reported. Incubation of rat adrenocortical cells with A23187 (1-40 µ ) resulted in inhibition of steroidogenesis stimulated by ACTH or cAMP (Farese et al, 1981) . LH-stimulated secretion of progesterone in pig granulosa cells was increased by low concentrations of A23187 (0-2 µ ) but inhibited at higher concentrations (20 µ ; Veldhuis & Klase, 1982) . However, the higher concentration of ionophore reduced rather than enhanced intracellular calcium levels. In the present study, incubation of small cells did not have an effect on secretion of progesterone. Conversely, secretion of progesterone by large cells was inhibited. Further evaluation of this effect, however, revealed that viability, as determined by trypan blue dye exclusion, was decreased in large but not small cells by these incubations and this decrease in cell viability was significantly correlated with secretion of progesterone. These observations suggest that calcium acting as an intracellular mediator may not have been responsible for the inhibition of progesterone production in large cells.
A reduction in extracellular calcium did not reverse the inhibition of steroid production by A23187 in large cells and cellular viability was still correlated with secretion of progesterone. Intracellular calcium levels were not directly measured in these experiments. However, these results provide evidence that the effect of ionophore on large cells is not due to increased intracellular levels of calcium. Furthermore, it cannot be ruled out that, in response to A23187, even in calcium-free medium supplemented with EGTA, intracellular calcium levels have become elevated as a result of efflux into the cytosolic compartment from intracellular sites of calcium storage.
Experiments are currently in progress to correlate directly changes in intracellular calcium with secretion of progesterone in small and large cells.
Since the results obtained with ionophore were not readily interpretable, incubations of small and large cells were performed in media containing the phorbol ester, TPA. Phorbol esters have been widely used in cellular incubations to activate intracellular events stimulated by protein kinase C, which has been shown to be the cellular receptor for binding of phorbol esters (Kikkawa et al, 1983) . Three or 4 isoenzymic forms of C kinase have been identified in rat brain tissue in studies utilizing polyclonal antibodies (Huang et al, 1986) , mRNA probes (Coussens et al, 1986) and enzyme purification by h.p.l.c. (Pelosin et al, 1987) . In the latter study, the isoenzymes differed in their responsiveness to activation by TPA. Differences in response to incubation with TPA between small and large cells in this study may be due to differences in their isoenzyme content. However, bovine adrenocortical tissue contained only one isoenzyme form (Pelosin et al, 1987) . Further experiments are required to examine this possibility. Variable effects of incubation of phorbol esters with steroidogenic tissues have been reported (Brunswig et al, 1986; Hansel & Dowd, 1986; Baum & Rosberg, 1987; Benhaim et al, 1987; Wiltbank et al, 1988; Alila et al, 1988; Hoyer et al, 1988) . Baum & Rosberg (1987) for rat luteal cells. This suggests that protein kinase C in small cells may serve to prevent maximal stimulation of steroidogensis by LH. This may relate to the mechanism by which luteolysis is induced in these cells. Protein kinase C activity was directly measured in small cells and proteins that can serve as endogenous substrates for C kinase were observed in soluble fractions of these cells (Hoyer et al, 1988; Hoyer & Kong, 1989 (Nishizuka, 1984) .
Direct measurement of protein kinase C activity in large cells indicated that a lower (P < 005) level of phosphotransferase activity is present in these cells compared with that in small cells (Hoyer et al, 1988; Hoyer & Kong, 1989) . However, endogenous proteins in large cells served as endogen¬ ous substrates for phosphorylation by C kinase in these studies. Therefore, C kinase activity may be present in low levels in these cells, but that small amount of activity may play a physiologically significant role. Sphingosine has been demonstrated to be inhibitory to phosphorylation of the protein of 40 000 known to be a substrate for protein kinase C in platelets (Hannun et al, 1986 ) and the M, 80 000 protein known to be a substrate for C kinase in BALB/C 3T3 cells (Gillies et al, 1989) . Incubation of platelets with sphingosine has been shown to inhibit agonist-dependent secretion and activation that is attributed to C kinase-mediated cellular mechanisms (Hunnun et al, 1987) . Sphingosine has been further utilized to inhibit protein kinase C-induced differentiation of human promyelocytes as well as neutrophil activation Wilson et al, 1986) . Phosphorylation of endogenous proteins in the soluble fractions of small and large sheep luteal cells which was stimulated by TPA was completely inhibited by the addition of 200 µ -sphingosine (Hoyer & Kong, 1989) . Therefore, sphingosine inhibits in-vitro phosphorylation of endogenous proteins as stimulated by activation of endogenous protein kinase C in small and large cells (Hoyer et al, 1988; Hoyer & Kong, 1989 (Fitz et al, 1982 and luteolysis involves cellular and tissue death. Sphingosine could not be demonstrated as a specific inhibitor of protein kinase C activity since cell viability was markedly reduced (P < 0-01) in both cell types in these incubations. Finally, protein kinase C appears to regulate steroidogenesis negatively in unstimu¬ lated large and LH-stimulated small cells. This regulation may be involved in luteal regression induced by PGF-2a as suggested by Baum & Rosberg (1987 
